INTRODUCTION:
The incidence of hardware problems assocaited with pedicle screw instrumentation, including screw breakage, loosening at the bone-screw interface and difficulties in system assembly have been significantly reduced over the last two decades. However, the loosening and back-out of pedicle screws resulting from failure of screw fixation remains a significant clinical problem, particularly in patients with poor vertebral bone quality. When screw lossening occurs, one surgical option for manipulating the bone-screw interface may be the use of matchstick or milled bone allograft or the injection of polymethylmethacrylate (PMMA) or bone mineral cement 1 . The injection of PMMA has been shown to dramatically improve pull out strength 2 . However, it can have serious intraoperative and long-term complications including neural damage from the exothermic nature of PMMA and extravassation into adjacent tissues and adding to the complication of revision surgeries. In recent years new injectable bone mineral cements have been developed and suggested as an alternative to PMMA. The advantages of a calcium phosphate (CaP) cement include an isothermic curing temperature, a longer working time, improved biocompatability, and a potential for bioresorption. However, the biomechanical effect of CaP injection is not yet fully understood. Some factors that may affect the pedicle screw fixation strength when using CaP are the injection method in terms of disribution of the CaP along the screw and the injection timing in terms of injection before fracture (augmentation) or after failure (revision). In this study, pull-out tests were performed to investigate these aspects when using a new injectable CaP cement (BoneSource, Howmedica Osteonics Corp.)
MATERIALS AND METHODS
A total of 52 vertebral bodies (VB) were obtained from human cadaveric thoracolumbar spines (T11-L5, mean age = 63 yrs ranging from 46 to 79). The bone mineral density (BMD) of each VB was measured using dual energy x-ray absorptiometry (DEXA) and all extraneous soft tissues were removed. The 52 VBs were divided into 3 injection groups; where CaP was injected only at the distal end of the pedicle screw (CaP-1), where CaP was injected along the entire length of the pedicle screw (CaP-2), and where PMMA (Simplex, Howmedica Osteonics Corp.) was injected along the entire length of the screw (PMMA). Each of these groups contained 3 testing cases, intact control (INT), revision of a failed pedicle screw (REV), and augmentation of an intact pedicle screw (AUG). In each VB a 6.5mm diameter, 45±5mm long Diapason System screw (Stryker, Allendale NJ) was inserted into either the left or right intact pedicle (50% right, 50% left). Each VB was mounted onto a material testing system (Instron Model 1321) in a custom clamping device to ensure the application of a pure axial pull out force. The INT pedicle screws were then pulled to failure at 10mm/min. Following failure, the INT pedicle screw was removed and the appropriate cement was injected using the appropriate method into the failed pedicle (REV) and into a prepared screw hole in the opposite intact pedicle (AUG). Pedicle screws were then inserted into each pedicle and the cement was allowed to cure for 24 hrs, after which, each screw was pulled to failure. Placement of the pedicle screw and distribution of the cement was confirmed with plane radiographs. Force and displacement data were recorded at 10Hz and used to determine the PS of each pedicle screw. Non-parametrical Mann-Whitney tests were then performed to investigate the statistical differences in PS among the injection and testing groups.
RESULTS
No pedicle or lamina fractures were seen during the pull out tests. No statistical significance was seen in the mean BMD among the injection groups (range from 0.58 to 0.61gm/cm 3 ). There was a significant correlation between BMD and PS of the INT case (R 2 = 0.57). The average pull-out strength of each group is shown in Table 1 . No significant difference was found in the PS of the intact cases among the injection groups. In the CaP-1group, no significant PS improvement was found in REV over INT, but the PS of the AUG case was significantly higher than the INT case (p<0.0005). The CaP-2 group had significantly higher PS in both REV and AUG cases as compared with the INT case (p<0.0005). The PMMA group had significantly higher PS in both REV and AUG cases than the INT case (p<0.0005). When comparing the effect of CaP injection methods, the PS of the REV case in the CaP-2 group was significantly larger than that of the CaP-1 group (p=0.001), whereas no significant PS difference was found between the CaP-1 and CaP-2 groups in case of AUG (p=0.198) . In both REV and AUG cases, PMMA group showed a significantly greater PS than both CaP-1 and Cap-2 groups (p<0.01).
DISCUSSION
Loosening and back-out of pedicle screws are significant clinical problems that may result in nonunion or loss of corrections. It is of clinical importance to develop a method to revise a failed screw or to prevent the failure of screw fixation. In this study, biomechanical pull-out tests were performed to investigate the effectiveness of a new injectable CaP for improving pedicle screw fixation strength as well as the effect of cement injection timing and method. This study has limititations that are common in most in vitro studies. For example, tested cases represent only immediate postoperative conditions and it was not possible to investigate the resorption characteristics of CaP over time. Although the pedicle screws are known to experience various types of loads in vivo, the screw fixation strength was tested in pullout directions only in this study.
Despite of these limitations, well-controlled biomechanical tests were performed in this study and results measured from the intact specimens showed a good agreement to the results of previous studies in the literature. Results of this study also suggested clinically relevant conclusions as follows. The injection of CaP was found to improve the PS over the intact strength when injected before failure regardless of injection method. CaP injection along the entire length of the screw was also found to improve the PS when injected into a failed pedicle. Thus, when using CaP to revise the failed pedicle screw (REV case), the CaP injection along the entire screw length is recommended for stronger fixation. In addition, CaP injection at the time of initial screw insertion may be an effective method to prevent the screw failure in patients with higher potential for screw failure in order to reduce the incidence of fixation failure and the need for costly revision surgery as well. Thus, CaP may be a good alternative to PMMA for screw augmentation before and after failure considering the isothermic and bioresorbable characteristics of CaP although in vivo studies should be performed prior to the clinical application of CaP. 
